Madelung's deformity of the wrist was first officially described by Otto Madelung in 1878.
1 This deformity arises in adolescents aged 8 to 14 and is often bilateral. 1, 2 It is more common in females showing a 4:1 predominance and represents less than 2% of all pediatric hand deformities.
3,4
The deformity stems from premature closure of the medial volar aspect of the distal radial physis. 5 This subsequently leads to an increased radial inclination and volar tilt of the distal radius, proximal migration of the lunate with triangulation of the carpus, and the characteristic dorsal displacement of the ulna. 3 Secondary abnormalities of the ulna, carpus, articular cartilage, and tendons can occur as a result of this abnormal growth pattern and deformity. 3 Unfortunately, despite its documentation in the literature, Madelung's deformity is poorly understood among clinicians and often misdiagnosed.
Etiology
The etiology of Madelung's deformity remains unclear, but there is a genetic association. Congenital Madelung deformities are associated with a mutation or absence of the short stature homeobox (SHOX) gene in the pseudoautosomal region of sex chromosomes.
5,6
The same genetic deficiencies are found in patients with Leri Weill dyschondrosteosis, a condition associated with Madelung deformities.
2 These deformities are also linked with other genetic disorders including Turners syndrome.
7
Cases associated with abnormal SHOX genes are often bilateral and symmetrical. Idiopathic cases can also occur, although these are usually unilateral.
3,8
Apart from true Madelung deformities, Madelung-like deformities are seen in conditions including multiple hereditary exostoses and Ollier disease.
2,3 Indeed, any condition causing injury or arrest of the medial volar radial physis can produce this type of deformity, a phenomenon often seen in gymnasts due to repetitive trauma.
9
The key to distinguishing between a true Madelung's deformity and Madelung-like deformities is the presence of a "Vickers" ligament. This is seen in true Madelung deformities and represents an abnormally short, volar, radioulnar ligament.
The "Vickers" ligament restricts medial and volar growth of the radius by exerting a compressive effect on the volarulnar physis. 10, 11 However, the remainder of the physis demonstrates normal growth resulting in the characteristic features of increased radial inclination and volar tilt.
2
Simultaneous unaffected growth of the ulna results in a positive ulnar variance, and an abnormal formation of the distal radioulnar joint (DRUJ) leads to dorsal dislocation of the distal ulna.
2 Despite this distinction between true Madelung's and Madelung-type deformities, the clinical presentation, investigation, and management are very similar between the two.
Clinical Presentation
Patients with these deformities have a range of presentations dependent on their age and severity of deformity. Initially individuals are asymptomatic and the most common presentation is a progressive clinical deformity. Patients report a prominent distal ulna as a result of dorsal subluxation, often termed a "bayonet" deformity. 3 Interestingly, patients are usually unaware of the distal radial abnormality or carpal subluxation.
Reduced range of motion is a common feature with forearm rotation often compromised. Loss of wrist extension is common and proportional to the degree of sagittal deformity. Unsurprisingly, radiocarpal pain is frequently found particularly on wrist extension as is pain from ulnar abutment, although this seems more severe in milder deformities prior to DRUJ dislocation.
2 Individuals may also report reduced grip strength and difficulty executing normal daily activities.
5,12
Radiological Features X-ray investigation reveals certain pathognomonic findings.
Anteroposterior wrist views reveal a radiolucent flameshaped notch at the medial radial metaphysis produced by the "Vickers" ligament. 2 They also demonstrate an increased radial inclination, proximal, and volar migration of the lunate with triangulation of the carpus and a positive ulnar variance. 3, 13 On lateral X-rays, classic findings include an increased radial tilt, volar subluxation of the carpus, and dorsal subluxation of the distal ulna. This "subluxation" may seem exaggerated due to the volar radial tilt. 3 Other features of chronicity may be found including an irregular ulnar head due to the positive variance (►Fig. 1).
McCarroll et al go further by suggesting X-ray parameters to aid diagnosis. 13 These include a minimum of 33°of ulnar tilt, 4 mm of lunate subsidence, 20 mm of palmar carpal displacement, and a lunate fossa angle of at least 40°. 13, 14 However, the authors themselves acknowledge only the first two of the above parameters have excellent reliability and reproducibility. Magnetic resonance imaging (MRI) is not necessary but can be helpful. This would allow identification of the "Vickers" ligament, degree of physeal disease, and a three-dimensional (3D) view of the deformity.
11 Additionally, MRI may reveal an anomalous volar radiotriquetral ligament and a thick, obliquely oriented triangular fibrocartilage complex (TFCC) due to the radial deformity. 
Management
The large spectrum of Madelung's deformity necessitates a multivariate approach to management. After initial diagnosis, a potential genetic etiology must be considered and genetic counselling must be offered to the patient and family. During management, the patient's skeletal maturity, severity of deformity, and symptoms should be evaluated.
Mild deformities in patients approaching skeletal maturity may be confidently left alone. Mild deformities in younger individuals may warrant active surveillance with serial Xrays. Furthermore, those who decline surgery may benefit from custom orthoses to alleviate symptoms.
When deformity or symptoms are severe, surgery can restore alignment. Madelung's deformity is associated with abnormalities in many bones and articular surfaces. As such multiple options exist which target specific components of the deformity. Historically, the most favored operative solution is a "Vickers" ligament release combined with a physiolysis, often referred to as the Langenskiö ld procedure. 15 During this operation, the "Vickers" ligament is released from its proximal attachment to the radial metaphysis. Physeal bars or bony bridges are resected and the physis is interposed with fat. This can be further combined with a "guided growth" tactic. Staples can be placed across the unaffected physis to limit growth and correct the deformity.
2 Obviously, this strategy relies on a future growth potential from the patient and is therefore not suitable for advanced deformities or those with little growth left. Another option for ulnar abutment symptoms is an ulnar shortening osteotomy, which can be performed using a variety of techniques. While this does not correct the underlying problem, it does deal with the common sequelae of a positive ulnar variance and subsequent ulnar-sided wrist pain.
One variation in this, the Sauvé-Kapandji technique, employs a DRUJ arthrodesis and ulnar resection osteotomy proximal to the arthrodesis. 16 This has the advantage of correcting the dorsal dislocation of the distal ulna which is the most common cosmetic complaint in Madelung's deformity. Furthermore, the proximal site of the osteotomy leaves the ulnar head and ulnocarpal ligaments undisturbed, therefore maintaining the ulnar support of the wrist. 16 This technique also maintains good forearm rotation. If further ulnar growth potential remains, a distal ulnar epiphysiodesis can be performed in conjunction with this technique. The option that addresses the deformity most thoroughly is a radial osteotomy. Techniques which have produced improvements in pain and range of motion include reverse wedge osteotomies and lengthening using Ilizarov frames. 17, 18 However, the current gold standard is a radial dome osteotomy. This allows a more precise, 3D deformity correction which will achieve a better realignment compared with standard techniques. 19 This dome osteotomy is often combined with a "Vickers" ligament release and physiolysis. One retrospective study has shown that this technique produced long-term improvements in pain and functional outcomes.
16

Future Directions and Application of Innovations
In diagnosing Madelung's deformity, clinicians have been reluctant to accept the diagnostic criteria proposed by McCarroll et al. This is suggested to be due to inherent deficiencies in the X-ray images. 20 X-ray provides a twodimensional picture of a complex, 3D problem and may be insufficient for modern management.
High-resolution CT scanning with 3D reconstruction would allow the generation of highly detailed images of the deformity. However, Madelung's deformity usually affects adolescents who may need frequent, serial imaging. High dose radiation is best avoided in this cohort due to potential systemic side effects.
EOS Imaging could address this problem. This X-ray system provides simultaneous anteroposterior and lateral X-rays while utilizing a low radiation dose. 21, 22 Three-dimensional reconstructions can be generated from the X-rays allowing visualization of bony anatomy, critical angles, and deformities. 23 Indeed, evidence shows EOS Imaging are as good as CT when assessing femoral and tibial torsion measurements.
24
EOS Imaging has also been found to be more accurate than CT and conventional radiography when measuring bone length.
25
Therefore, EOS Imaging could revolutionize the workup of Madelung's deformity patients by providing an extremely accurate, 3D model of their anatomy while limiting X-ray exposure.
Three-dimensional printing would also allow more thorough investigation of Madelung deformities. One advantage is the ability to truly appreciate complex anatomy by coordinating one's visuospatial orientation. Furthermore, seeing the model in true form may highlight previously unrecognized problems. One retrospective study showed preoperative 3D printing provided surgeons with better understanding of anatomy, fracture pattern and was effectively used for preoperative planning. Three-dimensional printing would also improve the management of Madelung deformities. Three-dimensional printed models would allow simulation training and enable mock operations in a risk-free environment. Indeed, preoperative simulation using 3D printed models has produced shorter operation times, less blood loss, shorter fluoroscopy times, and higher rates of anatomic reduction.
27-29
EOS Imaging and 3D printing could be used to produce customized intraoperative jigs. These would be templated to the patient's individual deformity and guide the osteotomy intraoperatively. They would no doubt have the same advantages of expedited surgery and limited fluoroscopy while minimizing surgical error.
Computer-navigated deformity correction can also be used in surgical management to produce exact osteotomy cuts and reduce operative time and minimize intraoperative error. Evidence shows computer-navigated pelvic and high tibial osteotomies are significantly more accurate and reproducible than non-navigated cuts.
30,31
The innovations outlined above have the potential to deliver patient-centered, individualized surgery which will hopefully provide better pain and functional outcomes in patients with Madelung deformities.
Conclusion
Madelung's deformity represents an umbrella term for a wide spectrum of disease. Deformities can be a true Madelung (identified by a "Vickers" ligament) or Madelung-type. Clinical features include a characteristic deformity and reduced range of motion and pain. Initial treatment may involve active surveillance and orthoses. Surgical options depend on the symptoms being addressed but include the Langenskiöld procedure or radial dome osteotomy. In future, EOS Imaging could improve diagnosis by allowing a more accurate appreciation of the anatomy. Furthermore, 3D printing and computer-navigated correction could revolutionize management by allowing simulation training, expediting surgery, and reducing intraoperative error.
